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L ong-term imaging and tracking of cells in vivo is a highly valuable technique in life sciences 1 . It demands a fluorescent marker far more photostable than organic dyes and far less toxic than quantum dots for labeling 2 . Fluorescent nanodiamond (FND) has recently emerged as a promising bioimaging agent because this carbon-based nanomaterial is inherently non-toxic, highly biocompatible, readily conjugated with biomolecules, and can be easily taken up by cells 3 . Moreover, it can emit multicolor fluorescence from crystal defects 4 . The negatively charged nitrogen-vacancy center, NV 2 , is of particular interest in this category since its fluorescence emission lies in the near-infrared window of bioimaging. The centers are photostable even when they are encased in diamond crystallites of ,5 nm in diameter 5 . All these traits make FND one of the best candidates for highresolution imaging and long-term tracking in complex biological environments.
A unique feature of the NV -center in FND is that its far-red fluorescence has a long-lived lifetime of t . 10 ns 6, 7 , which is significantly longer than those of the endogenous fluorophores in cells and tissues 8 . Hence, timegating techniques can be exploited to separate the FND emission from strong cell/tissue autofluorescence to enhance image contrast 9, 10 . This opens up a new opportunity to achieve wide-field background-free detection of FND-labeled cells in vivo. Igarashi et al. 11 have recently developed an approach to improve the image contrast of FNDs in living organisms by taking advantage of the spin property of the NV 2 center 12 . The authors acquired wide-field fluorescence images with and without microwave radiation on resonance with the crystal-field splitting (2.87 GHz) of the ground-state spins. As a result that the alternative microwave irradiation modulated only the fluorescence intensity of the NV 2 center, subtraction between these two images pixel by pixel effectively removed the background autofluorescence signals and significantly improved the image contrast. Although the protocol has been shown to be applicable to a number of biological systems ranging from single cells (such as HeLa cells) to small organisms (such as C. elegans and mice), post-processing data analysis is required. Hegyi and Yablonovitch 13 have similarly applied the optically detected magnetic resonance technique to image FNDs in tissue at the field-free region using an amplitude-modulated microwave source and a lock-in amplifier. The authors swept the field-free point across multiple FND targets within pieces of chicken breast and recorded the fluorescence intensity change correlated with FND distribution. A spatial resolution of ,800 mm was achieved. Most recently, Sarkar et al.
14 demonstrated a way of contrast enhancement for FNDs in vivo using a modulated external magnetic field. The field mixed the spin levels at the ground state, resulting in intensity modulation of the FND fluorescence, but not the background fluorescence 15 . The selective magnetic modulation technique improved the signal-to-background ratio by a factor of up to 100 and has been successfully applied for wide-field imaging of FNDs in sentinel lymph nodes of mice.
Here, we present an alternative approach to achieve backgroundfree fluorescence imaging of FNDs both in vitro and in vivo by using an intensified charge-coupled device (ICCD) as the detector. ICCD is a high-sensitivity camera capable of high-speed gating operation to capture images of transient phenomena 16 . It is useful to suppress short-lifetime autofluorescence backgrounds and provide time-gated fluorescence images with high contrast. A number of efforts have been made in the past to employ high-cost, picosecond ICCD cameras for non-invasive in vivo imaging of biomolecules [17] [18] [19] . For FNDs which have a fluorescence lifetime of up to 20 ns, a nanosecond ICCD suffices. With this device and a Raman shifter, we have been able to obtain wide-field fluorescence images of single FND-labeled cancer cells free of tissue autofluorescence in whole blood and underneath a chicken breast of ,0.1 mm thickness. The wide-field fluorescence time gating technique has also allowed us to monitor the flow of FND-labeled cells in a microfluidic device and quantify the number of the cells in blood through flow cytometric analysis using an automatic cell counting program. An in vivo imaging application of this technique was demonstrated with FND-labeled lung cancer cells in the blood vessels of mouse ears. To the best of our knowledge, this is the first application of time-resolved CCD cameras for wide-field fluorescence imaging of FNDs and their labeled cells in living animals.
Results
Raman shifting. In biomedical imaging, it is well established that the major contribution of tissue absorption in the visible region is from hemoglobin (Hb). The molecule exhibits an intense Soret band at 409 nm, along with the Q-bands at around 550 nm, both arising from the p-p* transitions of the heme groups 20 . Figure 1a shows the absorption spectra of Hb in three different forms (deoxyHb, oxyHb, and metHb) as well as the excitation spectrum of NV -centers in FNDs over the wavelength range of 450-700 nm. The Q-bands of Hb substantially overlap with the absorption band peaking at ,560 nm associated with the 3 A-3 E transition of NV -12 . Upon exposure to green light at 532 nm, the Hb molecules emit broadband fluorescence over 550-750 nm, similar to that of the NV -( Figure 1b) . To reduce the level of the background fluorescence of Hb in blood, we performed Raman shifting of the green laser to the orange region, at which the absorption coefficient of the molecules drops by a factor of ,3 for Hb but remains about the same for NV -. The orange light not only provides better image contrast for FND-labeled cells in blood but also penetrates deeper into tissue 21 . The experiment involved the use of a Q-switched, 1-ns, DPSS laser system with a repetition rate of 200 Hz and a total output power of 100 mW as the excitation source (cf. Figure 2a for the experimental setup). The choice of this laser system is a compromise between two requirements: 1) high repetition rate to match with the gating frequency (up to 50 kHz) of ICCD, and 2) high energy per pulse to achieve efficient stimulated Raman scattering (SRS). To perform SRS, the laser (1064 nm) was first frequency-doubled with a potassium titanyl phosphate (KTP) crystal and then red-shifted using a Ba(NO 3 ) 2 crystal (50 mm in length) as the Raman-active medium 22 . Figure 2b shows a chart recording the output laser energy of the second-order Stokes line at 599 nm versus the incident 532-nm laser energy. With the crystal orientation optimized for generating this Stokes component, a threshold of ,60 mJ and a conversion efficiency of 22% were obtained. The efficiency is about 4 times better than the previously reported for a Q-switched laser with a pulse width of 22 ps 23 . Moreover, the pulse width of the laser was reduced from 1.5 ns (532 nm) to 0.7 ns (599 nm) after SRS (Figure 2c ). Such a line narrowing effect is in agreement with the observation for a 150-ps Nd:YAG laser at 1064 nm 24 . The pulse width of 0.7 ns is sufficiently small for the present time-gating measurement. , which is much shorter than that of FND. The background noise can thus be effectively removed by setting the ICCD shutter time to be 10 ns. An improvement of the image contrast by a factor of ,20 was readily achieved when the time gating function was in use. The lateral resolution of the fluorescence imaging performed by using a 1003 microscope objective is ,0.5 mm.
Next, to demonstrate the capability of the time-gating technique for potential in vivo imaging, we covered the FND-labeled HeLa cell sample in blood with a chicken breast of ,0.1 mm in thickness to simulate in vivo environment. Figure 4a presents a fluorescence image of the cells without time gating using a 403 microscope objective with a numerical aperture (NA) of 0.6. The image contrast is poor, with an average of ,2. Again, the time-gating technique can effectively improve the image contrast (Figure 4b ). Referring to the data taken without chicken breast (Figure 4c ), a deterioration of the lateral resolution from ,1 mm to ,5 mm due to light scattering by the tissue was found (Figure 4d ). As the typical thickness of a mouse ear is 0.30 mm (or a skin thickness of less than 0.15 mm) 28 , the result strongly suggests that our system is capable of imaging FND-labeled cells in the ear blood vessels of this animal model at the single cell level.
Flow cytometry. A 50-mm wide and 50-mm deep microchannel was employed for flow cytometric analysis of FND-labeled cells in human blood. The dimensions of the channel were chosen to resemble capillaries in mice and rats. We optically excited the sample with the 599-nm light and recorded the flow of the cells along the microchannel using our time-gated imaging system. The optimal frame rate of the recording was 23 Hz (or 43.5 ms/frame), with sequential readout of 34 3 514 pixels from the ICCD camera. Figure 5a displays snapshots of an FND-labeled cell flowing in the microchannel with human blood. With the syringe pump rate set at 0.1 mL/h, the speed of the flowing cell was estimated to be about 1 mm/s, which is close to the capillary blood flow rates of mice 29 . Direct measurement of the speed based on the size of the bright spots in the images showed an average of 0.56 mm/s for this particular cell in Figure 5a .
Next, we carried out flow cytometric analysis for a large number of cells to obtain a statistical sampling for the FND labeling performance. To facilitate the data analysis, we have developed a MATLAB program to count the cell number as well as to measure the fluorescence intensity of the FND-labeled cells flowing across the microchannel (see Supplementary Information for details). The program is so written that it counts only bright spots appearing in consecutive video frames as FND-labeled cells, while eliminating smaller spots that are most likely associated with noises (Supplementary Figure S1 and S2). A total of 862 FND-labeled cells flowing across the microchannel in 2200 s were detected and their fluorescence intensities were recorded accordingly. At the flow rate of 0.01 mL/h, the measured value matched well with the expected value of 998 cells. Figure 5b shows a histogram of the FND-labeled cells with different fluorescence intensities, i.e. different degrees of cellular uptake. The fluorescence intensity histogram closely resembles those provided by conventional flow cytometry, except that it has no (or little) background. The background-free nature of the time-gating technique makes it possible to recover rare events in high-background biological samples 30 and/or to differentiate cell types expressing low levels of surface antigens 31 . Moreover, we determined the efficiency of finding FND-labeled cells flowing across the microchannel as a function of the pumping rate using our imaging system. Table 1 channel are close to each other, even at the concentration as low as 8300 cells/mL. However, as the pumping rate goes higher, the measured number of the FND-fed cells significantly deviates from the expected one because our system fails to identify fast-moving cells. The ability to detect FND-labeled HeLa cells at such a low concentration (8300 cells/mL or less) implies that the time-gated flow cytometric technique is applicable for tracking circulating tumor cells in blood without prior separation of red blood cells (RBCs) 32 . Finally, to prove the principle that our wide-field imaging system may serve as a useful instrument for in vivo flow cytometry 33, 34 , we labeled mouse lung cancer cells with FNDs and then injected them (1 3 10 5 cells in 100 mL) into a mouse via its tail vein. Fluorescence imaging was then carried out near one of the main blood vessels of the mouse ear. Shown in Figure 6a and 6b are bright-field and timegated fluorescence images of the ear tissue. Much fluorescence background was detected even when the time gating function was switched on. The intense fluorescence signals arise predominantly from tissues such as the sebaceous glands upon excitation by the 599-nm light. They (as well as the residual fluorescence from the blood) are stationary and can be readily removed by background subtraction frame by frame. About 10 min after intravenous injection of the FND-labeled lung cancer cells into the mouse, bright moving objects with an average speed of 0.4 mm/s were clearly identified in the blood vessel at a frame rate of 2 Hz (Figure 6c ). This measured speed is much lower than the blood flow velocity by ,3 orders of magnitude and thus most likely associated with rolling 35 , instead of flowing, of the FND-labeled cells in the blood vessel.
Discussion
Wide-field imaging is a technique commonly used for in vivo imaging of small animals. The technique, however, often suffers from background noise problems due to cell and tissue autofluorescence. Subtraction between two images acquired at different wavelengths, either resonant or off-resonant with the absorption bands of the fluorescent markers, has been shown to be feasible to reduce the background level 36, 37 . However, as the molecular imaging moves towards lower detection limits, a more effective method to eliminate background noises associated with the endogenous fluorescence in vivo is required. Among various fluorescence imaging instruments presently developed 38 , the time-gating with time-correlated single photon counting (TCSPC) is an appealing approach. Although TCSPC-based pre-clinical optical imaging systems are now commercially available and have been applied to visualize fluorescent nanoparticles in small animals 39, 40 , their spatial resolution is limited to about 1 mm.
This work demonstrates a way of achieving a lateral resolution of better than 0.5 mm for FND-labeled cells in whole blood by wide-field time-gated fluorescence imaging as well as a resolution of ,5 mm when the cell sample is covered with a thin layer (,0.1 mm) of chicken breast to mimic in vivo environment. While the images have been severely blurred by tissue light scattering, single cell resolution is still achievable. Further improvement of the image contrast is plausible by using FNDs with higher fluorescence brightness and lasers with higher repetition rates and output powers. For instance, the image contrast could be greatly improved by use of a sub-nanosecond laser with a repetition rate of 50 kHz and a pulse energy of . we expect that the nanosecond wide-field time-gated imaging system will become a useful tool for long-term tracking and imaging of FNDlabeled cancer cells near the skin surface of a mouse (with a typical skin thickness of ,0.5 mm) at the single cell level in coming years.
Flow cytometry is a powerful and versatile technique for quantifying multiple parameters of cells, including their morphology, functional state, proliferation, composition, and protein expression, etc. In conventional approaches of analyzing cells isolated from organs and tissues of mice or other animals, RBCs are first lysed and then the cells of interest (such as stem cells 41 ) are extracted from the samples by either centrifugation or fluorescence-activated cell sorting. Using the experimental setup as illustrated schematically in Figure 2a , we show that it is possible to perform flow cytometric analysis of live cells without prior separation or lysis of RBCs. This is accomplished by labeling cells with FNDs and then analyzing them in whole blood using our homemade wide-field time-gated flow cytometer. The time-gating effectively suppresses background fluorescence signals, greatly enhances the visibility of FNDs, and has enabled us to detect the flow of FND-labeled HeLa cells in human blood at a concentration of lower than 8,000 cells/mL in capillary-sized microchannels.
Aside from the in vitro flow cytometric analysis, we have also shown that this wide-field time-gated imaging technique is capable of detecting FND-labeled cancer cells rolling in the blood vessels of a mouse ear with decent image contrast. Thanks to the FND's excellent photostability, we can track the movement of these cells in the bloodstream over a long period of time at the single cell level. The technique is promising for real-time imaging and tracking of transplanted stem cells in tissue repair and regeneration in vivo [41] [42] [43] . It can be applied for real-time tracking of FND-labeled cancer cells during metastasis in vivo as well.
As a final remark, we note that the presently developed technique is also potentially applicable for imaging free FNDs in the bloodstream of a living animal. Interesting questions such as how the FND particles escape from the labeled cells after cell death can be addressed. These particles are expected to accumulate in livers and spleens of the treated animals after release from the transplanted cells or following direct intravenous administration 44 . With FNDs properly conjugated with bioactive ligands or grafted with high-specificity antibodies against tumor-specific biomarkers (such as EpCAM 32 ) through biotin-avidin interactions 45 , in vivo imaging of circulating tumor cells in blood is deemed feasible in the near future.
Methods
Materials and chemicals. FNDs with size in the range of 100 nm were prepared as previously described using He 1 irradiation and subsequent annealing and air oxidation treatments 46 . Fresh human blood was donated by healthy adult volunteers at Academia Sinica, with informed consent from the participants. Cell culture medium and phosphate-buffered saline (PBS) were obtained from Biological Industries (USA). Hemoglobin and all other chemicals were purchased from SigmaAldrich (USA) and used without further purification.
Spectroscopic characterization. Excitation spectra of FNDs were acquired by using an inverted confocal microscope (Leica, SP8) equipped with a white-light continuum laser. To obtain the spectra, a FND sample was first prepared with a droplet of FND suspension placed on a coverglass slide and dried in air. The excitation wavelength of the continuum laser was then tuned from 470 nm to 670 nm with a prism, while the spectral window of the detector was fixed between 700 nm and 800 nm. Emission spectra of FNDs were acquired by using a setup built in-house for the particles suspended in water 46 . The spectrometer consisted of a 532-nm laser (Photop Suwtech, DPGL-2100F), a dichroic beam splitter (Chroma, Z532RDC), a long-working distance microscope objective (Mitutoyo, 503, NA 0.55), a long-pass edge filter (Chroma, E550LP), and a multichannel analyzer (Hamamatsu, C7473). Backward fluorescence was collected to avoid strong light scattering loss and spectral distortion. The same setup was used to acquire the fluorescence spectra of human blood.
Cell culture and FND labeling. HeLa cells and mice lung cancer cells were cultured and labeled according to previous procedures 25 . Briefly, cells were maintained in regular Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum and new born calf serum at 37uC in a humidified incubator with 5% CO 2 . Before FND labeling, the cells were seeded at a density of 3 3 10 6 cells per 10-cm dish in culture medium and incubated overnight for cell attachment. About 1 mL of the FND suspension (100 mg/mL), prepared with serum-free DMEM, was pipetted into the dish containing the cells. Cellular uptake of FNDs was facilitated by incubation of the cells at 37uC with 5% CO 2 for 4 h, after which they were thoroughly washed with PBS to remove free FNDs and then harvested by trypsin treatment for subsequent analysis.
Experimental setup. The home-built fluorescence imaging and flow cytometry system (cf. Figure 2a) consisted of a SRS laser and an upright microscope (Nikon, Eclipse E600) equipped with an ICCD camera. To perform SRS, an infrared pulsed laser (Passat, Sub-Naples, 1064 nm, 200 Hz, 1 ns) was first frequency-doubled by a KTP crystal. The generated green light (532 nm) was then sent through a Ba(NO 3 ) 2 crystal (Molecular Technology, 10 mm 3 10 mm 3 50 mm), producing yellow and orange light. A bandpass filter (Semrock, FF01-600/14) isolated the second-order Stokes beam. Fluorescence imaging was conducted by splitting the 599-nm laser beam into two paths, one going to a photodiode (Thorlabs, DET10A) to provide a triggering signal for the ICCD (Andor, iStar DH712-18U-03) and the other one going to a 10-m optical fiber to delay the laser pulses to compensate for the gating time delay in ICCD. The latter laser beam was focused onto the sample through an objective lens and the resultant fluorescence was detected by the ICCD through an emission filter (670-720 nm). The average power of the laser after passing the microscope objective was ,4 mW (or ,20 mJ per laser pulse) and the field of view of the objective was 0.6 mm. The gating time of the ICCD was set at 10 ns throughout the entire experiment.
Flow cytometric analysis. Microchannels with dimensions of 50 mm in width and 50 mm in depth were obtained from Microfluidic Chip Shop (USA). A syringe pump (KD Scientific, KDS100) delivered the sample solution to the microchannel at a constant infusion rate of 0.01-1 mL/h. Flows of the FND-labeled cells in whole blood were recorded with our wide-field time-gated imaging system in video format, and the recorded videos were quantitatively analyzed by a MATLAB program. Details of the program developed specifically for quantifying the number of FND-labeled cells flowing along the microchannel are described in Supplementary Information. Briefly, the program was designed to take the place of human to quantify parameters such as brightness or speed for a large number of cells flowing through the microchannel. First, the video data, which were in the form of a series of matrices indicating the intensities of individual pixels, were fed to the MATLAB program to identify plausible bright spots as potential cell signals. Next, the program organized these spots in terms of location versus time (Supplementary Figure S2) and traced out straight lines through them. Since a flowing cell must appear in multiple frames in a linear fashion, only traceable spots were interpreted as a real cell signal. The program not only assigned traceable spots passing through the same straight lines as single cells, but also treated random photon bursts as background noises and removed them from the analysis. Afterwards, integrated fluorescence intensities of the individual cells were time-averaged and plotted in a histogram.
Animal experiment. BALB/C mice (weighing 25-30 g each) were purchased from the Animal Center of National Taiwan University Hospital. The animal to be studied was first anesthetized with intraperitoneal injection of avertin (composed of 2.5 g 2,2,2-tribromoethanol, 5 mL 2-methyl-2-butanol, and 200 mL H 2 O). It was then placed on the stage of an upright microscope with one of its ears adhered to a microscope slide with glycerol (Supplementary Figure S3) . FND-labeled cells in PBS were injected via the tail vein into the mouse at a concentration of 1 3 10 6 cells/mL and examined with the wide-field time-gated fluorescence imaging system (Figure 2a ). During the entire study, the animals were maintained under specific pathogen-free conditions and were treated benevolently to eliminate or reduce suffering. 
